The interference screw is a widely used fixation device in the anterior cruciate ligament (ACL) reconstruction surgeries. Despite the generally satisfactory results, problems of using interference screws were reported. By using additive manufacturing (AM) technology, we developed an innovative titanium alloy (Ti 6 Al 4 V) interference screw with rough surface and inter-connected porous structure designs to improve the bone-tendon fixation. An innovative Ti 6 Al 4 V interference screws were manufactured by AM technology. In vitro mechanical tests were performed to validate its mechanical properties. Twenty-seven New Zealand white rabbits were randomly divided into control and AM screw groups for biomechanical analyses and histological analysis at 4, 8, and 12 weeks postoperatively; while micro-CT analysis was performed at 12 weeks postoperatively. The biomechanical tests showed that the ultimate failure load in the AM interference screw group was significantly higher than that in the control group at all tested periods. These results were also compatible with the findings of micro-CT and histological analyses. In micro-CT analysis, the bone-screw gap was larger in the control group; while for the additive manufactured screw, the screw and bone growth was in close contact. In histological study, the bone-screw gaps were wider in the control group and were almost invisible in the AM screw group. The innovative AM interference screws with surface roughness and inter-connected porous architectures demonstrated better bone-tendon-implant integration, and resulted in stronger biomechanical characteristics when compared to traditional screws. These advantages can be transferred to future interference screw designs to improve their clinical performance. The AM interference screw could improve graft fixation and eventually result in better biomechanical performance of the bone-tendon-screw construct. The innovative AM interference screws can be transferred to future interference screw designs to improve the performance of implants. ß
Cruciate ligament reconstruction has progressed dramatically in the last 20 years. Anatomic placement of ligament substitutes and secure graft fixation is the important goal for anterior cruciate ligament (ACL) reconstruction. Optimally, secure graft fixation allows for an aggressive postoperative rehabilitation program and early return to athletic activity. Several different fixation devices are available for ACL construction, [1] [2] [3] this implant has become the gold standard for graft fixation devices. [4] [5] [6] The first interference screw, utilized in ACL graft fixation was a metallic device which obtained good results. 1 At present, titanium is considered the most biocompatible metal due to its resistance to corrosion from bodily fluids, bio-inertness, capacity for osseointegration, and high fatigue limit. Titanium interference screws provide high initial fixation strength, promote early integration into the bone, and have demonstrated reliably positive clinical outcomes and low complication rates. 1, 7, 8 In addition, titanium interference screws have also demonstrated a higher ultimate failure strength than bioabsorbable interference screws. 8, 9 Because of the good initial fixation strength of interference screws and the generally satisfactory results, some researchers have reported complications using interference screws, such as graft laceration and lack of parallelism between the bone tunnel and the screw axis. [10] [11] [12] [13] Graft slippage is also a major concern with repetitive cyclic loading, and this could lead to graft fixation failure. [14] [15] [16] It has been well-established that adequate fixation of the graft is critical to achieving successful ACL reconstruction, particularly in the early postoperative period. 10, 14, 17 Previous studies have examined bioabsorbable interference screw fixation in ACL reconstruction with a wide variety of screw failure rates reported with varying types of bioabsorbable screws. 18 The majority of these studies reported no screw breakage, however. Barber et al. compared seven millimeter PLLA bioscrews to metal interference screws and hypothesized that breakage occurred due to inexperience with the device and smaller diameter screws (7 ml). 4 Subsequent to this series, the core diameter of the screw was increased and a larger screw (8 ml) was made available. Marti et al. compared bioabsorbable and metal interference screws and experienced three femoral breakages in 31 patients utilizing 7and 8 ml PLLA screws. 19 In case of PLLA bioscrews breakage, the screws were replaced with titanium interference screws and there were no adverse outcomes related to the breakage. 20 In this study, rabbits were use as an animal model, for such a small animal, the bioabsorbale screws with larger diameter are not practical. We use stainless steel screws for the control groups which have the same diameter and similar morphology to the experimental screws. Some studies have evaluated interference screws of different parameters, with the goal of improving graft fixation. [14] [15] [16] 21 However, there still exist some obstacles that hinder the optimal reconstitution of bone-tendon graft incorporation.
One of the critical issues in orthopaedic medicine is the design of bone implants that replicate the biomechanical properties of the host bones. Porous metals have found themselves to be suitable candidates for bone implants since their stiffness and porosity can be adjusted on demands. Another advantage of porous metals lies in their open space for the in-growth of bone tissue, hence accelerating the osseointegration process. Recent advances in additive manufacturing (AM) with customized mechanical performance have provided unprecedented opportunities for producing complex structures to meet the increasing demands for implants. At the same time, topology optimization techniques have been developed to enable the internal architecture of the designed porous metals to achieve specified mechanical properties at will. Thus implants designed via the topology optimization approach and produced by AM are of great interest. 22 In contast to subtractive manufacturing methodologies, the AM is a set of manufacturing processes that join materials to make objects from computer-derived 3-dimensional (3D) model data, usually layer-by-layers. 23 One of the major advantages of AM technologies is that design constraints are almost non-existent when compared to the conventional manufacturing techniques. With the development of AM, we can easily produce complex geometries in one piece with easy manipulation, something that was almost impossible to achieve with traditional technologies and without a significant increase in building time. In addition, AM technologies require no tooling or molds and enable the fabrication of several variable implants in the same batch; AM provides greater freedom of design to product developers and significantly lowers the customization cost. [23] [24] [25] [26] In this study, we reformed the traditional interference screw, giving it a significantly rough surface, interporous connectivity architecture, to increase its contact surface and friction force and enhance bonegraft-implant fixation. Our hypothesis was that by using AM technology, we could develop an innovative interference screw with more surface roughness and appropriate structural porosity that would improve graft fixation and eventually result in better biomechanical performance of the bonetendon-screw construct.
MATERIALS AND METHODS

Study Design
In accordance with national animal welfare legislation and conformance to the National Institute of Health guidelines for the use of laboratory animals, this animal study was pre-approved by an ethics committee of National Taiwan University Hospital, Hsin-Chu branch (Approval No. MI-20160602). Twenty-seven New Zealand white rabbits (Master Laboratory Co., Ltd., Taipei City, Taiwan), with a mean body weight of 3.2 AE 0.4 kg at an age of 6 months, were selected. Using computer-generated randomization, traditionally made interference screws were implanted in one of the stifle joints as the control group, and an AM interference screw was implanted in the other stifle joint of the same rabbit as the experimental group. All rabbits were divided into three groups based on implantation periods of 4, 8, and 12 weeks (9 in each group). In each group, three rabbits were used for the histological analysis, the other six rabbits were used for micro-CT and biomechanical study. For each animal, analysis of micro-computed tomography (micro-CT) were performed immediately at the end of each experiment, then the specimens were fresh-frozen for further biomechanical study.
Production of the Innovative Interference Screw
For the present study, the controlled interference screws were made of stainless steel with a 16-mm screw body length, 1.9-mm core diameter, 2.7-mm thread diameter, 5.0-mm head diameter, and 1.0-mm pitch (DePuy Synthes 1 , Zuchwil, Switzerland), as shown in Figure 1 . The AM screws with similar configuration were produced using the EOSINT M 280 system (EOS GmbH, Munich, Germany). The direct laser sintering machine consists of a powder handling system, a continuous wave CO 2 laser source with related optics (wave length: 1,070 nm) and a process computer. Using a focused laser beam, the EOSINT M 280 machine melted and fused EOS titanium (Ti 6 Al 4 V) powder into a solid part and built up parts additively layer by layer. Briefly, when a part was to be built, the process computer sliced the computer aided design (CAD) (representing the part) into a stack of thin slices. A uniform thin layer of powder (20-50 mm) was deposited using a moving wiper. Then, the computer scanned the laser beam onto the powder bed surface under a controlled hypoxia atmosphere (O 2 < 10,000 ppm). The waist of the laser beam was around 50-150 mm with a scan rate ranging from 500 to 1,500 mm/ s. The thermal effect of the laser energy increased the temperature of the bed, bonding the loose powder together. The process was repeated, and by altering the shape of each scan layer, parts of an arbitrary shape can be produced.
The AM interference screw was a template and evolved from the controlled screw, with identical mechanical parameters in screw length, core diameter, thread diameter, head diameter, and pitch. The interconnected porous structure and surface roughness were integrated into the manufacturing process of the screw. The centerline average roughness (Ra) was 25 mm and the porosity rate was 15.4%. In vitro mechanical tests, including a twisting strength test, insertion, and removal torsional test, and pull-out test, were performed to evaluate the mechanical specifications and strength of the AM interference screw. The representative picture and comparison of two interference screws can be seen in Figure 1 . , Bayer Taiwan, Taipei City, Taiwan). For analgesia, the rabbits were given meloxicam (0.15 mg/kg peroral; metacam, Boehringer Ingelheim Taiwan, Taipei City, Taiwan) 1 day preoperatively, immediately preoperatively, and 2 days following surgery.
The surgical procedures were following the method of Yamakado et al. with some modification. Briefly, a lateral parapatellar arthrotomy was performed in bilateral stifle joints to gain access to the femoral notch. The tendon of the extensor digitorum longus muscle was identified and released from its lateral femoral condyle. A drill hole (2.0 mm in diameter) was made with a hand drill perpendicular to the long axis of the tibia. When the tendon was passed through the drilled bone tunnel, the EDL tendon was transfixed with interference screw while the paw was supported in dorsiflexion. 27 After correct placement of the screws, the joint capsule, muscles, subcutis, and cutis were closed separately using absorbable suture material (Vicryl 4-0; Ethicon 1 , NJ). After surgery, the animals were returned to their cages and were free to move about without any restriction or immobilization of their extremities. All animals were ambulant without signs of guarding or immobility when they were killed, so that the EDL was assumed to be functioning. At the end of the experimentation, all animals were euthanized by an intravenous overdose of pentobarbital. Stifle joints were stored at À20˚C for future analyses.
Biomechanical Analysis
Six rabbits were sacrificed at the 4, 8, and 12 postoperative weeks, respectively, and the stifle joints were used for biomechanical analysis. The proximal tibia was harvested with the EDL tendon graft. A material testing machine (ElectroForce 1 3510-AT, Bose Corporation-ElectroForce Systems Group, Eden Prairie, MN) was used for biomechanical testing. The test was performed at room temperature (25˚C) in a moist environment. After removal of the redundant tissue, the tibia was fixed at the base plate and the graft was clamped at the load cell. The tensile load was applied at the myotendoninous junction and was parallel to the long axis of the bone tunnel at a strain rate of 0.5 mm/min, until failure occurred. The ultimate pull-out load and failure mode of the constructs were recorded and analyzed.
Micro-Computed Tomography Analysis
Six rabbits were sacrificed at 12 weeks postoperatively, and the 12 stifle joints were harvested and scanned by micro-CT analysis (Skyscan 1176, Bruker Micro-CT, Kontich, Figure 1 . Surgical procedure and comparison of a controlled interference screw and an additive manufactured porous interference screw. For the present study, the controlled interference screws were made of stainless steel with a 16-mm screw body length, 1.9-mm core diameter, 2.7-mm thread diameter, 5.0-mm head diameter, and 1.0-mm pitch (DePuy Synthes 1 , Zuchwil, Switzerland). The AM screws with similar configuration were produced using the EOSINT M 280 system (EOS GmbH, Munich, Germany). The AM interference screw was a template and evolved from the controlled screw, with identical mechanical parameters in screw length, core diameter, thread diameter, head diameter, and pitch. The centerline average roughness (Ra) was 25 mm and the porosity rate was 15.4%.
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278 mA, at a 25 watt output with a 360-degree scan) with an 18 mm sample size was used for this experiment. Image reconstruction was performed using graphics processing unit (GPU)-based reconstruction software, GPU-Nrecon. Ring artifact and beam-hardening correction were performed with this software, as well. Reconstructed cross-sections were reoriented and ROI was further selected. We performed the analysis with 1.4 mm (113 slices) images. Automatic threshold and structure or pore analyses were performed using CTAn software. Data on tissue volume (TV: mm 3 ), bone volume (BV: mm 3 ), percent bone volume (BV/TV: %), bone surface area (BS: mm 2 ), and bone surface area per total volume (BS/TV: 1/mm) were retrieved from 100 to 1,000 mm above the metallic implant bone. Also, intersection surface area (i.S, mm 2 ), total surface area (TS, mm 2 ), and percent intersection surface (i.S/TS, %) were collected from 100 mm above the metallic implant.
Histological Analysis
The last three rabbits were sacrificed at 12 weeks postoperatively for histological analysis. The proximal tibia accompanied with tendon graft and implant was harvested. Specimens were fixed in formalin and decalcified in formic acid solution until further processing. They were embedded in 10% paraffin for several days and dehydrated sequentially with increasing concentrations of ethanol (70%, 95%, 100%) for at least 1 days each and infiltrated for 5 days with polymethylmethacrylate (PMMA). After embedding, the samples were sectioned perpendicular to the tunnel axis at the level of bone-implant interface by sawing and sections were cut to $150 mm using an Isomet Low speed Saw and ground to 60 mm with a Grinding/Polishing machine. The sections were stained with Sanderson's rapid bone stain (Dorn& Hart Microedge) and then counterstained with acid fuchsin. Bonetendon, tendon-implant, and bone-implant interfaces were examined, respectively, under light microscopy (Nikon ECLIPSE Ti-s, Melville, NY).
Statistical Analysis
All data are expressed as mean AE standard deviation. Intergroup analyses were performed using Student's T test. Intra-group analyses were performed with repeated-measures one-way analysis of variance. The result was considered statistically significant at p < 0.05. Statistical analysis was performed with PASW Statistics statistical software (version 18.0; SPSS, Chicago, IL).
RESULTS
In Vitro Mechanical Specifications of the Additive Manufactured Interference Screw
The in vitro average twisting strength test of the AM interference screw was 32.30 AE 1.26 N-cm, and the average ultimate broken ankle was 30.62 AE 6.34˚. In addition, the average maximum insertion and removal torsional force was 5.53 AE 0.37 and 3.93 AE 0.50 N-cm, respectively. Finally, the average ultimate pull-out strength was 70.05 AE 4.03 N ( Table 1) .
Biomechanical Analysis
In the biomechanical study, the ultimate failure loads in the AM interference screw group were consistently higher than those in the control group; at the 4, 8, and 12-week time-periods, all specimens had failed at the bone-tendon-screw junction area. The average ultimate failure loads of the bone-tendon-screw complex are shown in Figure 2 . The ultimate failure loads in both groups increased incrementally throughout the study period. The ultimate failure load in the AM interference screw group was significantly higher than that in the control group at 4, 8, and 12 weeks postoperatively (p < 0.05). The progressive increase in strength was correlated with the degree of bone ingrowth, mineralization, and maturation of the healing tissue, noted histologically, and micro-CT study.
Micro-Computed Tomography Analysis
Micro-CT was used to evaluate new bone formation between the implant and bone tissue. Compared with the conventional interference screw, the AM interference screw showed significantly more bone formation at 3 months postoperatively at the bone-implant interface. The percent bone volume (BV/TV, %) and bone surface density (BS/TV, 1/mm) represented the bone volume rate and bone surface rate, respectively, at 100-1,000 mm exterior to the implant; both parameters were significantly greater in the AM group (p ¼ 0.036 and p ¼ 0.002) (Supplementary Table S1 and Fig. 3 ). The percent intersection surface (i.S/TV, %) representing the percentage of direct contact between the bone and the implant, this was also significantly higher in the AM group (p ¼ 0.000) (Supplementary Table S1 and Fig. 3 ). Figure 2 . Ultimate pull-out load. The ultimate failure loads in both groups increased incrementally throughout the study period. The ultimate failure load in the AM interference screw group was significantly higher than that in the control group at 4, 8, and 12 weeks postoperatively (p < 0.05).
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TSAI ET AL. Figure 4 shows the bone growth difference between the control and AM groups. It was clear that there was more bone growth in the AM group, especially in the area that had immediate contact with the implant.
Histology Analysis
Better bone-tendon inter-digitation in the AM screw group was seen in the AM screw group than in the control group (Fig. 5) . With regard to the interface between the bone and the interference screw, the control group had a greater gap between implant and bone interface (Fig. 5A and C) . In the AM interference screw group, the bone was in close contact with the implant, and any clear space between the bone and implant was difficult to identify ( Fig. 5B and F) . These findings were compatible with the micro-CT findings in Figure 4C and D. In addition, the bone-tendonscrew interfaces were more closely contacted in the AM screw ( Fig. 5D and H) than that of control screw ( Fig. 5C and G) .
DISCUSSION
The progression of tendon-bone healing in the reconstruction of the ACL with interference screws has been well established. [28] [29] [30] In our study, the ultimate pull-out strength in the control group was compatible with that of previous studies 30 ; however, our AM interference screw had a much stronger ultimate pull-out load. It has been reported that rough surface and inter-connected porous structure designs resulted in better bone ingrowth and less micromotion after the implantation of screw 22, 23, 26, 31, 32 ; our finding indicates that the rough surface and inter-connected porous structure implant not only increased bone-implant integration, but also resulted in better bone-graft and implant-graft stability and in a stronger ultimate pull-out load.
The basic concept of the interference screw is to press-fit the tendon graft tightly to the host bone to prevent relative motion between the bone-tendon graft-implant construct and to facilitate their integration. 1, 3, 5, 28 Several parameters were involved in the process of bone-tendon graft integration. 27, 33, 34 None of the previous literature, however, has reported that the rough surface and inter-connected porous structure implant design facilitated bonetendon graft integration or demonstrated a better ultimate pull-out load as shown in our study. We considered that several factors were related to the better performance in our AM interference screw group. First, the friction force increased by the rough surface design may have provided better initial stability between bone and tendon graft. This finding was compatible with those of previous reports. 35, 36 We considered that the increased friction force provided better initial stability between , and percent intersection surface (i.S/TS, %) were collected from 100 mm above the metallic implant. The percent bone volume (BV/TV, %) and bone surface density (BS/TV, 1/mm) represented the bone volume rate and tissue surface rate respectively at 100-500 mm exterior to the implant; both parameters were significantly greater in the AM group (p < 0.05). The percent intersection surface (i.S/TV, %) represented the percentage of bone direct contact with the implant; this was also significantly higher in the AM group (p < 0.05). ( Ã denotes statistical significance between the two groups).
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the bone-tendon graft-implant constructs and facilitated bone-tendon graft integration. In addition to the advantage of increased friction force, the rough surface may also have facilitated fibroblast and osteoblast adhesion. 37, 38 As shown in the micro-CT and histological analyses, our results were compatible with previous findings that a rough surface promoted the adhesion of fibroblasts and facilitated osteoid formation when compared with the control group (Figs. 4 and 5) . 37, 38 It was suggested that more fibroblasts and osteoid formation eventually contributed to the better biomechanical performance of the AM interference screw group.
Third, orthopedic implants designed with an inter-connected porous structure probably allowed neovascularization, bone ingrowth, and accelerated bone-tendon graft healing. The significant difference between bone surface density and percent intersection surface suggested the bone formation closely adjacent to the AM interference screw was much greater than that in the control screw (Figs. 3-5 ). These findings were also compatible with previous findings that inter-connected porous structures increased bone growth and better implant-host tissue integration. [37] [38] [39] The bone growth clearly increased the stability of the implant, and suggested that the more stable implant also stabilized the tendon graft. One of the concerns regarding the rough surface interference screw is disruption of the tendon graft during the screw-in of the implant. In our study, 12 .5x of the AM interference screw. Insets E-H were zoom in of the white rectangles from A-D, respectively, and the scale were 40x. Compare to the control group, the bone-tendon interface was more closely contact in the AM screw group (red arrows in E and F). The gap between bone-screw interfaces were wider in the control group and were almost invisible in the AM screw group (yellow arrows in G and H). In addition, the bone-tendon-screw interfaces were more closely contacted in the AM screw (yellow arrow heads in G and H). B: bone, T: tendon, S: screw, white rectangle in A-D: inset E-H, respectively. however, the integrity of the tendon in histological analyses was intact (Fig. 5) . It seemed that the rough surface of implant did not disturb the tendon structure, and the collagen lamination adjacent to the implant did not become disorganized by the rough surface. We believe that the rough surface structure did not breakdown the tendon structure in our study.
One of the critical issues in orthopaedic medicine is the design of bone implants that replicate the biomechanical properties of the host bones. Porous metals have found themselves to be suitable candidates since their stiffness and porosity can be adjusted on demands. Another advantage of porous metals lies in their open space for the in-growth of bone tissue, hence, accelerating the osseointegration process. The fabrication of porous metals has been extensively explored over decades, recent advances in AM have provided unprecedented opportunities for producing complex structures to meet the increasing demands for implants with customized mechanical performance. 22 In recent years, AM techniques have been widely used in developing orthopedic implants. 22, 23, 26, 38 One of the advantages of AM techniques is the development of the precisely controlled rough surface and inter-connected porous structure of the implant, something that is very difficult to accomplish through traditional processing. In our study, the intended rough surface and inter-connected porous structure were embedded in the processing of the implant. The cost of the implants was reduced and no further post-production that would possibly reduce the strength of the implant was necessary.
Although our results are promising, this study still has a number of limitations. First, the experimental AM interference screws had the same parameters of surface roughness and the same porous sizes. Previous reports have shown that difference in porous size and surface roughness resulted in differences in boneimplant integration. 22, 26, 31 Without the use of different parameters, we could not identify the most optimal porous size and surface roughness. Further study to clarify the best parameters for future implant designs is mandatory. Second, no dynamic pull-out testing was included in the study design. Although ultimate pullout tests showed promising results, dynamic testing, simulates a more authentic physiologic condition; further dynamic studies should be included in future study designs in order to identify implant performance under physiological conditions. Third, the study design did not include a detail time course for the micro-CT and histological analyses, and the specimens were collected only at 3 months period. Without a serial time course and long-term experimental design, we could not compare the dynamic changes in bone formation and bone-tendon integration. Furthermore, the shorter follow-up period prevented us from identifying the best bone formation point for the bonetendon-interference screw construct; further longer follow-up evidence is needed before recommending this interference screws been used for repair in clinical medicine.
In conclusion, the medical device industry's interest in open porous, metallic biomaterials has increased in response to AM techniques enabling the production of complex shapes that cannot be produced with conventional techniques. Ti-6Al-4V is an important metal for medical devices because of its good biocompatibility. The innovative AM interference screws with surface roughness and interconnected porous structures demonstrated better bone-tendon-implant integration, and resulted in a stronger biomechanical parameters when compared to traditional screws. These advantages can be transferred to future interference screw designs in order to improve the performance of implants.
